PcrA is an essential helicase in gram-positive bacteria that is also required for the rolling-circle (RC) replication of small, multicopy plasmids (5, 6, 12, 13, 21, 29, 30, 33) . PcrA from Staphylococcus aureus and Bacillus anthracis have both 5Ј33Ј and 3Ј35Ј helicase activities (5, 27) . PcrA from Bacillus stearothermophilus appears to be predominantly a 3Ј35Ј helicase (2, (33) (34) (35) . Although most rolling-circle replicating (RCR) plasmids have been identified from gram-positive bacteria, they are also found in gram-negative bacteria and in archaea (for reviews, see references 6, 10, 16, 20, 21, and 28) . Many RCR plasmids have a broad host range and can be established in diverse bacteria (6, 10, 20, 22, 28) . The pcrA gene, which was originally identified as being required for plasmid pT181 replication, has been identified in all the gram-positive bacteria whose genomes have been sequenced so far (12) (13) (14) . Some RCR plasmids, such as pC194, have also been shown to replicate, although at a lower copy number, in Escherichia coli that lacks the PcrA helicase (3, 29) . In this host, pC194 replication is supported by DNA helicase II (UvrD) which has 40% identity to PcrA (3, 11, 26, 29) . Recent in vitro studies have shown a direct requirement for the PcrA helicase in the replication of the pT181 plasmid of S. aureus (5) . Purified PcrA was found to stimulate plasmid pT181 replication in vitro when added to cell extracts made from the pcrA3 mutant of S. aureus that is defective in pT181 replication (5) . These and other studies also showed that PcrA promotes unwinding of pT181 and the related pC221 DNA nicked at the origin by the plasmid initiator protein (5, 33) . Also, PcrA-driven DNA unwinding of pT181 required the presence of RepC protein covalently attached to the 5Ј phosphate end at the nick site, since nicked open circular (OC) DNA from which RepC was removed was not unwound by RepC (5). Finally, pull-down studies showed that RepC and PcrA directly interact (5) . Taken together, the results of the pull-down studies and in vivo studies (13) suggest that an interaction between the plasmid initiator proteins and heterologous PcrA helicases may be critical in establishing RCR plasmids in different hosts. In this study, we demonstrate that heterologous PcrA helicases from two gram-positive bacteria B. anthracis and Bacillus cereus can functionally interact with the initiator protein of plasmid pT181 and support pT181 replication in vitro. We also demonstrate that the pT181 replicon can support plasmid replication in vivo in B. anthracis and B. cereus.
Purification of the PcrA helicases of S. aureus, B. anthracis, and B. cereus. The purification of the PcrA helicases from S. aureus and B. anthracis fused at their amino-terminal end to six histidine residues (His 6 ) using nickel affinity chromatography has been described previously (5, 27) . To purify the PcrA helicase from B. cereus, chromosomal DNA was prepared from strain ATCC 10987 by incubating the cells in a cetyltrimethylammonium bromide (CTAB) solution at 65°C, followed by chloroform extraction and isopropanol precipitation as described previously (27) . Preliminary sequence data of the B. cereus genome were obtained from The Institute for Genomic Research (TIGR) website (http://www.tigr.org). The pcrA gene of B. cereus encodes 747 amino acids and contains the ATG sequence at the first and third codons. The pcrA open reading frame was amplified by PCR such that it included amino acids 4 to 745 and was fused in frame (using vector pQE30) to His 6 residues at its amino-terminal end. The first three amino acids were not included to rule out the possibility of initiation from the ATG codon of pcrA instead of the ATG codon of the His 6 epitope. The genomic DNA of B. cereus isolated by the procedure described above was used as a template for the amplification of the pcrA gene (2.2 kb). The sequences of the primers used follow: 5Ј-CCGGATCCACAGATAGATTATATTAAAT GGTTTAAATCCGCAGCAAC-3Ј for the forward primer and 5Ј-CCGGATCCCGTTTTTTTGCTATCTCTTTTGACATATC CTCATTCC-3Ј for the reverse primer. The PCR primers contained BamHI linkers at their ends. The reaction mixtures contained a 200 M concentration of each deoxynucleoside triphosphate, 200 ng of B. cereus genomic DNA, a 1 M each concentration of primer, and 5 U of the Pfu polymerase (Stratagene, La Jolla, Calif.). The conditions of amplification were as follows: (i) 94°C for 3 min; (ii) 35 cycles, with 1 cycle consisting of 1 min at 94°C, 1 min at 55°C, and 6 min at 72°C; and (iii) 72°C for 10 min. The amplified product was gel purified and digested with BamHI. The pcrA gene was then fused in frame to the His 6 epitope at the BamHI site of the pQE30 vector from Qiagen. The ligation mixture was then introduced into E. coli M15 by electroporation, and the appropriate clones were isolated for protein overexpression. The sequence of the cloned B. cereus pcrA gene was confirmed by automated DNA sequencing.
A single colony of the E. coli strain expressing B. cereus PcrA was used for the overexpression of His-PcrA by induction with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) at 37°C for 2 h. The His-PcrA fusion protein was purified by nickel affinity chromatography as described (5) using protease inhibitors throughout the purification procedures. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis ( Fig. 1) showed that the full-length protein was approximately 90% pure. To confirm that the purified B. cereus PcrA was enzymatically active, we measured its ATPase activity by hydrolysis of [␣-
32 P]ATP as described earlier (5) . These studies showed that, as observed with the PcrA helicases of S. aureus and B. anthracis (5, 27) , the B. cereus PcrA had an ATPase activity that was stimulated by single-stranded DNA (ssDNA) (data not shown).
Heterologous PcrA helicases promote unwinding of RepCnicked pT181 DNA. Experiments were performed to determine whether the PcrA helicases of B. anthracis and B. cereus can unwind supercoiled (SC) pT181cop608 DNA nicked by the initiator RepC protein. pT181cop608 DNA (0.5 g) was incubated in TEKEM buffer containing 5 mM ATP in the presence or absence of RepC (200 ng) and/or the PcrA helicases (10 ng) at 32°C for 30 min (25) . The reaction products were subjected to electrophoresis on 1% agarose gels with Tris-borate-EDTA buffer containing 0.5 g of ethidium bromide per ml (5). Incubation of pT181 DNA with RepC results in the formation of covalently closed, relaxed pT181 DNA that migrates faster than SC DNA in the presence of ethidium bromide ( Fig. 2) (7, 23, 25) .
As observed previously (5), the S. aureus PcrA helicase unwound RepC-nicked DNA, which resulted in the formation of the faster-migrating unwound form of the DNA (Fig. 2) . We have previously shown that the highly unwound form of the DNA contains extensive ssDNA regions that are digested by the S1 nuclease (5). This form of DNA is expected to contain RepC covalently attached to the 5Ј phosphate end and a free 3Ј OH end that serves as a primer for the initiation of plasmid RC replication (5) . This form of DNA differs from the U form of DNA generated during theta-type replication which contains unwound but covalently closed DNA (17) . As expected, treatment of SC pT181 DNA with different PcrA helicases alone in the absence of RepC did not affect the migration pattern of the DNA (Fig. 2) . However, when RepC was added along with 10 ng (each) of the B. anthracis and B. cereus helicases to SC pT181 DNA, the faster-migrating unwound form of the DNA was observed (Fig. 2) . Several faint bands migrating between the SC and OC forms of DNA were also visible in these samples. These bands presumably represent DNA that has To rule out the possibility that a contaminating E. coli protein may be responsible for unwinding DNA, we purified a His 6 fusion of the K33AQ250R mutant of the S. aureus PcrA helicase which is defective in its ATPase and helicase activities (data not shown) and used it in this assay. As shown in Fig. 2 , this mutant was unable to unwind RepC-nicked pT181 DNA. We also mock purified proteins from the host E. coli M15 cells lacking PcrA using a nickel affinity resin under conditions identical to those used for purifying PcrA. Addition of 10 ng of mock-purified protein from the fraction corresponding to where PcrA elutes did not generate the unwound form of pT181 DNA in the presence of RepC (Fig. 2) . Instead, a new band presumably corresponding to linear DNA was observed in these lanes. This band is likely to be generated due to the presence of nonspecific endonucleases in the mock-purified fraction, since a very large volume of this fraction was added to the reaction mixtures (since extremely low levels of nonspecific proteins bind to the nickel affinity resin). The above results demonstrate that heterologous PcrA helicases can unwind the noncognate pT181 DNA that had been nicked at the origin by RepC. These results further suggest a functional interaction between the heterologous PcrA helicases and RepC, since the presence of the initiator protein is required for PcrA-catalyzed SC pT181 DNA unwinding (5).
B. anthracis and B. cereus PcrA helicases support plasmid pT181 replication in vitro. While DNA unwinding by PcrA is essential during the initiation of plasmid RC replication, the ability of this helicase to interact with other components of the replisome may also be critical during the elongation and termination of replication. Therefore, we tested whether the heterologous helicases can promote replication of plasmid pT181 DNA in vitro. For these studies, cell extracts were prepared from the pcrA3 mutant of S. aureus as described earlier (4, 5) . The mutant PcrA3 helicase is inactive in plasmid pT181 replication but retains functions required for cell growth and viability (5, 12, 29) . Cell-free replication extracts were prepared from the S. aureus strain RN4220 and the pcrA3 mutant as described previously (5, 24) . Replication reaction mixtures (30 l) contained 600 g of protein extracts, 500 ng of pT181cop608 DNA, 200 ng of RepC protein, and 100 ng of the different PcrA helicases. Replication products were labeled with [␣-32 P]dATP. Reaction mixtures were incubated at 32°C for 1 h and treated with proteinase K, and DNA was isolated by phenol-chloroform extraction and alcohol precipitation (4, 5) . The reaction products were subjected to electrophoresis on 1% agarose gels using Tris-borate-EDTA buffer containing 1 g of ethidium bromide per ml (32) . Gels were dried and subjected to autoradiography.
Incubation of plasmid pT181 DNA with wild-type cell extract along with RepC generated labeled DNA corresponding to the SC and OC forms of the DNA, as well as replication intermediates and low levels of ssDNA (Fig. 3) . In the presence of the pcrA3 cell extract, a very faint band corresponding to the nicked OC form of pT181 DNA was observed (Fig. 3) .
This band reflects the incorporation of a few nucleotides immediately downstream of the RepC nick site in the absence of any PcrA activity (14, 18, 19) . As observed earlier (5), addition of the cognate S. aureus PcrA to the mutant pcrA3 extract restored replication of the pT181 DNA (Fig. 3) . Addition of purified His-PcrA from B. anthracis and B. cereus to the mutant extract also resulted in the restoration of plasmid pT181 replication (Fig. 3) . These results showed that the heterologous PcrA helicases can substitute for the S. aureus PcrA helicase, presumably playing a role during both the initiation and elongation phases of pT181 replication. Furthermore, the B. anthracis and B. cereus PcrA helicases must be able to interact with S. aureus replication proteins that are involved in pT181 RC replication.
Direct physical interaction between B. anthracis and B. cereus PcrA helicases and RepC. Previous studies have shown that the S. aureus PcrA physically interacts with the RepC initiator protein of pT181 and that this interaction is important for the recruitment of this helicase to the plasmid origin of replication (5). Since B. anthracis and B. cereus PcrA helicases supported RepC-dependent pT181 DNA unwinding and replication, we tested whether these helicases also interact directly with the RepC protein. To test this, we made use of the different epitope tags present on the PcrA and RepC proteins. Cell lysates from E. coli expressing the maltose binding protein (MBP)-RepC fusion protein were absorbed to 50 l of amylose resin as described previously (4) PcrA helicases were mixed with MBP-RepC bound to the resin and incubated at 4°C for 1 h. The suspension was then washed three times with 1ϫ TEKEM buffer, and the proteins eluted directly in SDS-PAGE sample buffer (32) . In control experiments, the His-PcrA proteins were mixed with amylose resin treated with 1% BSA but not containing any bound MBPRepC. The eluted proteins were blotted onto membranes (32) and hybridized with either an anti-MBP monoclonal antibody (Santa Cruz Biotechnology) or anti-His 6 monoclonal antibody (Sigma) and visualized by using an enhanced chemiluminescence (ECL) kit from Amersham according to the manufacturer's instructions. Western blot analysis using the anti-MBP monoclonal antibody showed that MBP-RepC was bound to the amylose resin as expected (Fig. 4) . Furthermore, while His-PcrA proteins did not bind to the amylose resin incubated with BSA, they were retained on the resin to which MBP-RepC was bound (Fig. 4) . These results suggest that heterologous PcrA proteins of B. anthracis and B. cereus can interact with RepC.
Replication of a pT181 derivative plasmid in B. anthracis and B. cereus. Since heterologous PcrA helicases supported RepC-dependent unwinding and in vitro replication of the pT181 plasmid, we tested whether this plasmid can be established in B. anthracis and B. cereus. Plasmid pT181 encodes resistance to tetracycline. Since current regulations prohibit the introduction of tetracycline resistance genes into B. anthracis, we utilized plasmid pSA5000 in these studies. pSA5000 is a derivative of pT181 in which the tetracycline resistance gene has been replaced by the chloramphenicol resistance gene of plasmid pC221 (15) . Plasmid pSA5000 was introduced into the plasmid-less B. anthracis strain UM23C1-1 (9) and B. cereus strain ATCC 10987 by electroporation (8) with selection for the Cm r marker. Chloramphenicol-resistant colonies were isolated, and agarose gel analysis of sheared whole-cell lysates (31) showed the presence of plasmid DNA of the appropriate size in B. anthracis (Fig. 5A) . Since the plasmid band in B. cereus transformants was very faint, Southern blot analysis was performed using 32 P-labeled pSA5000 DNA as the probe (32). The B. cereus transformants contained pSA5000 DNA, which was present mostly in the OC form (Fig. 5B) . These results showed that the plasmid pT181 replicon can be established in B. anthracis and B. cereus. Furthermore, pT181 appeared to be maintained at a much lower copy number in B. cereus than in B. anthracis.
RCR plasmids can be broadly classified into five major families in which individual members show conservation in their initiator proteins and leading strand origins of replication (6, 20) . Several studies have suggested that the ss origins of RCR plasmids play a role in determining the host ranges of these plasmids (6, 10, 21) . Since an interaction between PcrA and RCR plasmid initiator proteins is critical for replication, this event may also, at least in part, be responsible for narrowversus broad-host-range replication of RCR plasmids. The B. anthracis and B. cereus helicases share approximately 58% identity and 72% similarity with the PcrA of S. aureus based on BLAST analysis (1) . Several studies suggest that PcrA has multiple functions in cellular DNA metabolism, such as DNA repair and possibly the resolution of stalled replication forks and blocked recombination structures generated by the Rec-FOR pathway (29, 30) . The pcrA3 mutation results in a Thrto-Ile change at position 61 of S. aureus PcrA (12) . Interestingly, the pcrA3 mutant is inactive in pT181 replication but supports replication of other RCR plasmids (12, 29) . The above series of studies suggest that PcrA contains multiple domains that are likely involved in its various functions. A specific region(s) of PcrA may be involved in their functional interactions with the replication initiator proteins of RCR plasmids.
Our results have shown that the PcrA helicases of B. anthracis and B. cereus can interact with RepC and support RepCdependent unwinding and in vitro replication of pT181 DNA (Fig. 2 to 4) . These data are consistent with our observations that plasmid pT181 can replicate in vivo in B. anthracis and B. cereus (Fig. 5) , as well as in many other gram-positive bacteria (10, 16, 20, 29) . Our results have shown that the B. anthracis and B. cereus PcrA proteins interact equally well with RepC (Fig. 4) . However, pT181 replication levels observed in vitro with the B. cereus PcrA helicase were much higher than those with the B. anthracis PcrA helicase (Fig. 3) . It is possible that the B. cereus PcrA interacts more efficiently with the heterologous S. aureus replication proteins than the B. anthracis PcrA does. Interestingly, the copy number of the pT181 derivative plasmid pSA5000 was much lower in B. cereus than in B. anthracis (Fig. 5) . Thus, multiple factors are likely to contribute to the broad-host-range replication of RCR plasmids. These factors include Rep-PcrA interactions, the ability of the Rep-PcrA complex to recruit host replication proteins, functionality of the lagging strand origins, and differences in the expression levels of plasmid replication genes in different organisms.
